ABSTRACT: Mytilus edulis L. and M. galloprovincialis Lmk. are 2 forms of mussels that live on the European coasts, and where they coexist, hybridize in varylng proportions. While the Atlantic coast of the Iberian Peninsula is a key area for understanding the distribution of the genus Mytilus in Europe, the available evidence on the distribution from thls area is scarce and contradictory. Five partially diagnostic allozyme loci (aminopeptidase-l, esterase-D, leucine aminopeptidase-l, mannose phosphate isomerase and octopine dehydrogenase) and the best diagnostic morphological characters (length of the anterior adductor muscle scar and internal radius of the hinge plate and shell length and height) between M. edulis and M. galloprovincialis were investigated in 37 and 39 samples respectively taken from the Iberian coasts. Concordance between morphological variation and enzyme polymorphlsms is virtually complete and in&cates that M. galloprovincialis occurs all along the Iberian Peninsula (Mediterranean, Lusitanian, Gahcian Rias and Cantabrian coasts). M. galloprovincialis follows, therefore, a continuous distribution all along the Atlantic coast of Europe, from the Mediterranean Sea to the English Channel and the British Isles. Moreover, M. galloprovincialis exhibits an abrupt discontinuity in allozyme frequencies of about 40% for Odh'100 and 25% for Ap-1'100 in the southeastern Mediterranean Iberian coasts. This strong genetic differentiation appears to be associated with an oceanographic current barrier (the Almeria-Oran front). On the other hand, evidence for the presence of M. edulis and hybrids of M edulis and M. galloprovincialis was obtained only on the Atlant~c coast near the Hispano-French frontier. Therefore, it seems that the meridional h i t of the geographical distribution of M. edulis in Europe, and the concomitant h u t of the hybrid zone, are between the mouths of the Bidasoa and Nervion rivers in Spain. These results clarify some evolutionary aspects of M. edulis and M. galloprovincialis.
INTRODUCTION
Three forms of mussels, Mytilus edulis L. (blue mussel), M. galloprovincialis Lmk. (Mediterranean mussel) and M, trossulus Gould, have been distinguished on the European coasts basically on grounds of morphology and allozyrnes (see Skibinski et al. 1983 , Gosling 1984 , 1992a , b, Koehn 1991 , Gardner 1992 , Seed 1992 . Mytilus edulis has been recognized with confidence along the Atlantic coast of Europe, from the northern 'Present address: Laboratorio de XenCtica, Facultade d e Ciencias, Apdo 874, Universidade d e Vigo, E-36200 Vigo, Spain White Sea (McDonald et al. 1990 ) through the western European coast including Iceland and the British Isles (Seed 1976 , Skibinski et al. 1983 , Varvio et a1 1988 , McDonald et al. 1991 as far south as the Atlantic French coast (Seed 1972 , Verduin 1979 , Coustau et al. 1991 , McDonald et al. 1991 . M. galloprovincialis has been unambiguously identified on the Mediterranean coast, on the British Isles and on the Atlantic coast of France (Seed 1972 , Verduin 1979 , Skibinski et al. 1983 , Coustau et al. 1991 , McDonald et al. 1991 see Gosling 1984) . A third form, M. trossulus, has been identified on the basis of electrophoretic data and, in Europe, seems confined to the Baltic Sea (Bulnheim & Gosling 1988 , Varvio et al. 1988 , Johan-nesson et al. 1990 ). M. edulis and M, galloprovincialis or forms of mussels that live on the coasts of Iberian coexist in varying proportions in some areas of the Peninsula. For this purpose diagnostic allozyme loci British Isles and Atlantic coast of France, where they and morphological characters have been studied in hybridize as shown by allozyme and mitochondrial mussel populations from the Iberian Peninsula. DNA data (Ahmad & Beardmore 1976 , Skibinski et al. 1978 , Skibinski 1985 , Edwards & Skibinski 1987 , Beaumont et al. 1989 , Coustau et al. 1991 MATERIALS AND METHODS 1991 , McDonald et al. 1991 ; for reviews see Koehn 1991 , Gardner 1992 , Gosling 1992a , b, Seed 1992 . The Populations sampled. Mussel populations were samproportion of the 2 mussel forms and the degree of pled along the Atlantic and Mediterranean coasts of hybridization and introgression depend on the sample the Iberian Peninsula from 1985 to 1988 (Table 1 , site and local conditions such as wave exposure and Fig. 1 ). Most samples were collected as close as possiattachment height (see Gosling 1992b ).
ble to the low level of the mussel bed, but some came Current knowledge of the distribution of the differfrom commercial cultures and one came from subent forms of mussels in the European coasts is incommerged rocks at 9 m depth. For comparative purposes plete, particularly with respect to the Iberian Peninsula commercial and wild pure populations of Mytilus coasts. The Atlantic coast of the Iberian Peninsula is a edulis from the northwestern Atlantic coasts of Europe key area for understanding the distribution of the were also studied (Table 1) . Mussels were brought genus Mytilus on the Atlantic coasts of Europe for alive to the laboratory as quickly as possible, where 2 important reasons. First, the occurrence of Mytilus they were dissected. The digestive gland was removed galloprovincialis in the British Isles and on the Atlantic from each individual and frozen at -70°C until precoasts of France can be understood differently accordpared for allozyme analysis. ing to whether the distribution of M. galloprovincialis Length of anterior adductor muscle scar and internal is continuous or discontinuous from the Mediterranean radius of the hinge plate, the best diagnostic conchoSea to those coasts. Second, study of the mussels on the logical characters between Mytilus edulis and M. galAtlantic Iberian coast will establish the southern extent loprovincialis (Lewis & Seed 1969 , Seed 1974 , 1978 , of the distribution of M. edulis in Europe and the range Verduin 1979 , Sanjuan et a.1. 1986 , 1990 , Beaumont et of the hybrid zone of M. edulis and M. galloprovincialis al. 1989, Sanjuan 1992) , and length and height of (Koehn 1991 , Gardner 1992 the shells were examined in 39 mussel samples. The 1992). In spite of this, the distribution of Mytilus spp.
length of the anterior adductor muscle scar was meason the Atlantic coast of the Iberian Peninsula has not ured in dry shells and the internal radius of the hinge been investigated thoroughly and there are scarce and contradictory data. One opinion is that M. edulis extends over the whole of the Atlantic coast of Europe as far south as northern Africa; another opinion is that M. galloprovincialis is the predominant mussel on the Atlantic coasts of the Iberian Peninsula (Lubet 1973 , Seed 1976 , 1978 , Suchanek 1985 . To date, studies designed to extensively and reliably analyze mussel populations have been conducted only in northwestern Iberia, and they indicate the occurrence of M. galloprovincialis (Sanjuan et al. 1986 (Sanjuan et al. , 1990 . Two macrogeographical surveys with allozyme characters including other locations on the Iberian coasts indicate the occurrence of M. galloprovincialis (in Albufeira; Bulnheim & Gosling 1988 ) and hybrids of the 2 mussel forms (in Parede; McDonald et al. 1991) . The other references about the distribution of Mytilus in the Atlantic Iberian coasts are based on partial data with limited numbers of samples or individuals or use unreliable discriminant characters (for reviews see Sanjuan et al. 1986 , and references therein). To date, no clear conclusion has been reached with regard to the identity of the mussels living on these coasts. The main aim of this work i.s, therefore, to identify the form C I t l a n t i c
16.
O c e a n I B E R I Q N P E N 1 N S U L A (Seed 1978 , Beaumont et al. 1989 ). 1980 , Grant & Cherry 1985 , Beaumont et al. 1989 ) were investigated by starch-gel electrophoresis in 37 samples. The digestive glands were homogenized in an equal volume of 0.01 M dithiothreitol solution. All the homogenized tissue samples were centrifuged at 9000 rpm (8000 X g) for 7 min and the supernatant was used as the enzyme source. Electrophoresis was carried out on 10 to 12 % horizontal starch gels at 4 "C using standard techniques (Harris & Hopkinson 1976 , Pasteur et al. 1987 . Enzymatic systems were aminopeptidase-l (Ap-l ' ), esterase-D (Est-D' ), leucine aminopeptidase-l (Lap-l ' ), octopine dehydrogenase (Odh') and mannose phosphate isornerase (Mpi'). Electrophoretic procedures and terminology were basically those described in Ahmad et al. (1977) and Skibinski et al. (1980) for Ap-l', Est-D', and Lap-l', Grant & Cherry (1985) for Odh ' and Sanjuan et al. (1990) for Mpi'. Data analysis. The genetic structure within and among populations was analyzed using Wright's Fstatistics (FIs, FsT and FfT). F-statistics were calculated by the method of Nei (1977 Nei ( , 1986 ; see also Nei & Chesser 1983) . Estimation of F,s index in each mussel population was carried out by a statistic developed by Robertson & Hill (1984) , because it is unbiased for F = 0 and a significance test for F = 0 exists which has a higher statistical power than the usual chi-square test. The FIs statistic was used to measure the deviation of genotype frequencies from Hardy-Weinberg proportions; positive values indicated a deficit of heterozygotes and negative values an excess. Estimation of Nei's genetic distance (Nei 1972) was carried out among pairs of populations.
Multivariate analyses were used to provide a lowdimensional representation of the data and the clearest possible description of the relations between the popul a t i o n~ (Pimentel 1979 , Reyment et al. 1984 , James & McCulloch 1990 . A hierarchical cluster analysis using the unweighted pair-group method with arithmetic averaging (UPGMA) was applied to the matrix of pairwise genetic distances (Sneath & Sokal 1973 , Dunn & Everitt 1982 . The cophenetic correlation was calculated and was used as a measure of the goodness of fit of the dendrogram to the original matrix of distances (Sneath & Sokal 1973) . The samples were also ordinated with non-metric multidimensional scaling of the distance matrices (Dunn & Everitt 1982 , Reyment et al. 1984 . This method attempts to arrange the samples along few dimensions, so that similar samples are together and dissimilar samples are far apart. The stress, which measures the monoticity of the distances in the final configuration with the observed distances, was calculated. Low values of stress indicate a high degree of concorda.nce of the rank orderings of new configuration and original distances. A minimum length spanning tree from the distance matrices was also computed and superimposed on the ordination diagram to graphically detect local distortions (Dunn & Everitt 1982 , Rohlf 1990 .
A composite genetic or hybrid index score for each individual based on its genotype at the 4 best diagnostic loci surveyed (Esf-D', Lap-2 ', Odh' and Mpi' ), was calculated. A score of -1 was assigned to the typical alleles of Mytilus galloprovincialis or diagnostic allozymes with a high frequency in M, galloprovincialis control populations ('G' compound allele), a score of + l was assigned to the typical alleles of M. edulis ('E' compound allele), and a value of 0 was assigned to other alleles. The composite index score of an individual represented the sum of its scores over all 4 loci. So, the score of an individual could range from -8 (M. galloprovincialis) to + 8 (M. edulis).
Multivariate analyses were carried out using the NTSYS-pc computer program (Rohlf 1990) , and most genetic analyses were performed with GENET2 (Quesada et al. 1992) . Conventional statistical calculations were carried out with the SPSS/PC package (Nie et al. 1975) .
RESULTS
Allozyme frequencies at the 5 loci Ap-l', Est-D', Lap-l ', Mpi' and Odh' for the 37 samples are shown in Tables 2 to 6 . These allozyme loci are partially diagnostic for Mytilus edulis and M, galloprovinciaLis (see Skibinski et al. 1983 , McDonald et al. 1991 , Gardner 1992 , Gosling 1992a , b, Seed 1992 ). The allele frequency distributions at the 5 loci in mussel populations from northwestern Europe coast (E-) and from the Mediterranean coast (G_), were used as control samples of M. edulis and M. galloprovincialis respectively and agreed with allele frequencies observed by other authors for both mussel forms (see Gardner 1992, Gosling 199213) . Est-D' and Mpi' loci presented a single allozyme (Est-D'S0 and MpimlOO), and Lap-1' and Odh' a pair of pooled allozymes (Lap-1'104 and Lap-1 '108, and Odh'100 and Odh0129) at high frequency in M. galloprovincialis collections (about 70 to 97 %) and at low frequency in M. edulis (1 to 13%). In contrast, other allozymes at each locus, such as Est-D'100, Mpi'200, Odh' 115, and Lap-1 '96 and Lap-1 ' 100 pooled, were at low frequency ( l to 29 %) in M. galloprovincialis and at high frequency (87 to 97 %) in M. edulis. Ap-l' had a weaker discriminatory power.
Data of the allozyme frequencies for all populations are summarized by cluster and ordination analyses based on Nei's (1972) genetic distance. The UPGMA dendrogram ( Fig. 2) shows that the deepest dichotomy (distance = 1.08) occurred between a small group, which includes the control Mytilus edulis (E-) and Nei's (1972) genetic distance upon the 5 loci and each individual loci clarified the relationship between the populations (Fig. 3) . The overall pattern based upon the 5 loci shows the extreme separation of the 3 M, edulis control samples (E-) and the Mediterranean M. galloprovincialis control samples (G_). Moreover, the 4 Mediterranean samples from the northeastern Iberian coast (GT, GQ, GC, and GD) were separated from the large group, including the 2 Mediterranean populations from the south Iberian littoral (GA, GM) and most of the Atlantic Iberian populations (Lusitanian L_, Galician R-and Hispano-Cantabrian shown by the minimum spanning tree diagram superimposed on the ordination analysis ( Fig. 3 ; 5 loci). Some samples from the same locality of Capbreton as H5 and H6 (Capbreton channel) were close to the M. edulis cluster whereas H? (Capbreton groynes) was near to the M. galloprovincialis group. Individual loci contributed differentially to the overall pattern of genetic divergence. Est-D', Lap-l', and Mpi' loci produced non-metric multidimensional patterns with 2 main groups corresponding to M. edulis and M. galloprovincialis populations, whereas Ap-1 ' and Odh' loci gave the above 3 groups (see Fig. 3 for each locus). In all cases mussel populations from the FrenchCantabrian coasts fell between the M. edulis and M. galloprovincialis extreme clusters: H5 and H6 (Capbreton channel) were closer to the M, edulis cluster in all cases, whereas H I , H2, and H3 (from Barre 1'Adour) and H7 (from Capbreton groynes) were nearest to the M. galloprovincialis cluster with a varying arrangement. In addition, a multivariate analysis of 3 diagnostic conchological characters between Mytilus edulis and M. galloprovincialis was carried out on the mussel populations. The raw data from each population are in . The representation of non-metric An analysis of the genetic structure of the Iberian mussel populations by mean of F-statistics is shown in Table 7 . Two aspects are interesting: there were consistent and significant deficiencies of heterozygotes in some cases which are mainly associated with the locus Odh'. Second, only samples from the French Atlantic Genetic Distance (Nei 1972) Table 1 ast (H1 to H6) presented significant deficiencies of terozygotes for at least 3 of the 4 best diagnostic loci st-D', Lap-l', Mpi' and Odh'). This can be exined by a mixture of 2 populations with different ozyme frequencies (Wahlund effect). multilocus analysis can also be informative about genetic composition of the mussel populations. sociations by the chi-square test for different 2-locus notype combinations were calculated. 'E' and 'G' mposite alleles were considered. Allele 'E' by locus s Ap-1' 100, Est-D' 100, Lap-1 '96 and Lap-1 ' 100, pi'200, and Odh'115, and allele 'G' was Ap-1'108, t-D'SO, Lap-l 'l04 and Lap-1 '108, Mpi' 100, and h'100 and Odh.129. A low percentage of the chiuare tests were significant in the Mytilus gaUovincialis (11/57 = 19.3%) and M. edulis (2/20 = .0 %) control populations, and in the Lusitanian (6/86 .0 %), Galician (9/70 = 12.9 %) and Hispano-French 59 = 8.5 %) populations, whereas a large number of ociation chi-square values (40/50 = 80.0%) were hly significant in the French-Cantabnan populan~. Moreover, only French-Cantabrian populations -) showed a highly significant chi-square association ts (p < 0.001) for the combinations of the 4 best diagstic loci. These results imply either a significant ess of double homozygote genotypes for 2 loci (E/E or G/G G/G) andlor a deficit of double heterootes (E/G E/G) and suggest, therefore, a mixture of edulis and M. galloprovincialis populations. Other The elaboration of a hybrid index or composite genetic index allowed an analysis of the populations at the individual level (Fig. 5) . The hybrid index values of Myllus edulis control samples (EN, ER) exceeded 0 (1 to 8) and the Mediterranean samples of M. galloprovincialis ranged from 0 to -8 (Fig. 5a) . The Lusitanian (L_), Galician (R-) and Hispano-Cantabrian (C-) samples (except Hondarribia, CH) showed exclusively hybrid index values corresponding to the M. gaUo- (Fig. 5b, c,  d ). Most individuals with 0 value from Hondarribia and French-Cantabrian coast, where there are M. edulis and M. galloprovincialis individuals, were 'E/G' tetraheterozygotes and therefore presumably hybrids of both mussel forms. In contrast, individuals with a hybrid index of 0 from other Atlantic populations and from Mediterranean samples were never 'E/G' tetraheterozygotes.
DISCUSSION
Enzyme polymorphisms and morphological variation have revealed the ubiquitous presence of Mytilus galloprovincialis on the Iberian coast. The allozyme frequencies for the best diagnostic loci (Est-D', Lap-l', Mpi* and Odh' ; Tables 3 to 6) and the UPGMA dendrogram and nonmetric multidimensional scaling from genetic and morphological distances (Figs. 2, 3 & 4) showed the clustering of most of Iberian mussel population~ with pure M. galloprovincialis populations from the Mediterranean coast. The concordance between both morphological variation and enzyme polymor- Table 1 phisms in the present work is virtually complete and indicates that M. galloprovincjalis commonly occurs along the coasts of the Iberian Peninsula: the Mediterranean, Lusitanian, Galician and Bay of Biscay coasts. These results from the Atlantic Iberian coast permit a fuller understanding of the data of Sanjuan et al. (1986 Sanjuan et al. ( , 1990 , which show the presence of M. galloprovincialis in the N W Iberian area, and some partial data in other scattered locations (Verduin 1979 , Bulnheim & Gosling 1988 , McDonald et al. 1991 ). The present investigation (Skibinski et al. 1978 (Skibinski et al. , 1983 and it suggests instead a I migration and northward extension from the Mediterranean populations as suggested by Barsotti & Meluzzi (1968) . On the other hand, there was no evidence of Mytilus edulis, or hybrids, in mussel populations from the Mediterranean, Lusitanian, Galician and HispanoCantabrian (except in Hondarribia, CH) coasts, and Population codes as in Table 1 respectively) show that mussel populations of that (Lubet 1959 , 1973 , Seed 1972 , Verduin 1979 , Lubet et al. 1984 and allozyme data (Coustau et al. 1991 , McDonald et al. 1991 . Consequently, the meridional limit of the distribution of European Ad, edulis, and the concomitant limit of the hybrid zone between M. edulis and M. galloprovincialis, can be accurately established between the mouths of the Bidasoa and Nervion rivers in Spain. This finding contradicts the previously held and widespread opinion that European M. edulis ranges from the Arctic to North Africa (see Seed 1976 , 1978 , Gosling 1984 , Suchanek 1985 , Gardner 1992 . Only McDonald et al. (1991) cited allozyme evidence of hybrids (and M. galloprovincialis) in a southern location (Parede), but their study did not provide strong evidence for the extension of the hybrid zone because no evidence of M. edulis was found and these must be present in order to maintain a hybrid zone (an accidental or artificial introduction could explain those data). The frequency of characteristic allozymes of Mytilus edulis and M, galloprovincialis forms in the hybrid zone of the Bay of Biscay (Tables 2 to 6 ) and the pattern of the hybrid index (Fig. 5 ) seem to be dependent on the location (CH, Hondarribia, or H-, Barre de L'Adour or Capbreton) as well as on environmental factors such as the wave exposure (channel or groynes) or the attachment height of the mussel zone, as is found in other areas of the hybrid zone (Gosling & Wilkins 1981 , Slubinski 1983 , Skibinski et al. 1983 , Gardner & Skibinski 1988 , 1991 , Willis & Skibinski 1992 ; see Gosling 1992b for a review). A more detailed analysis of this hybrid area will be published elsewhere.
Another feature worthy of mention is that Mytilus galloprovincialis from the southern Mediterranean exhibits an abrupt discontinuity in allozyme frequencies of the loci Ap-l' and Odh'. The mean frequencies (+SE) for some common allozymes at the Odh' and Ap-l' loci (in the 4 samples from the northeastern Iberian coasts and in the 24 samples from southern and Atlantic Iberian coasts respectively) were as follows:
Odh'100, 0.566 k 0.011 and 0.156 + 0.022; OdhW129, 0.296 + 0.010 and 0.604 + 0.047; Ap-1'100, 0.423 * 0.008 and 0.176 + 0.008. The frequency of these allozymes followed a stepped cline pattern with mean variations of about 40, 30 and 25% for Odh'100, Odh' 129, and Ap-1' 100, respectively (Tables 2 & 6). A highly significant genetic differentiation among A4. galloprovincialis was detected at the Ap-I' and Odh' loci (FST was 0.021 and 0.069 respectively; Table 7 ). The 4 samples from the northeastern Iberian coast (GT, GQ, GC, GD) constituted a small cluster clearly separated from most M, galloprovincialis as shown by the UPGMA dendrogram and the non-metric multidimensional plots (Figs. 2 & 3) . This strong genetic differentation within M. galloprovincialis over a small geographic distance calls into question the fact that M. galloprovincialis can be an homogeneous genetic pool as has been supposed in recent reports (Koehn 1991 , McDonald et al. 1991 but see Gosling 1992b) . Moreover, it contributes to the explanation of the 'intriguing pattern of variation' of Ap' locus (and others) in mussel populations from the European coast (Varvio et al. 1988 ) and can also help to explain the 'large differences in mtDNA genotype' between British and Mediterranean populations (Ward 1989 , Karakousis & Skibinski 1992 .
The area of the Western Mediterrenean Sea where Mytilus galloprovincial~s exhibits abrupt discontinuity in allozyme frequencies appears to be associated with a n oceanographic current front. The Almeria-Oran front, a strong large-scale ocean front between Almeria (SE Spain) and Oran (Algeria) (Tintore et al. 1988 , La Violette 1989 , could be an important barrier to the migration of the mussel larvae between the 2 sides of this front. These 2 adjacent areas have different biotic and abiotic conditions: the Mediterranean Sea has characteristically warm-temperate floral and fauna1 assemblages (Rodriguez 1982 , Ben-Tuvia 1985 , Ketchum 1985 , Peres 1985 , Ros et al. 1985 , Sara 1985 , and the Alboran Sea represents a transition zone between the Atlantic water mass and the inner Mediterranean Sea (Peres 1967 , Estrada et al. 1985 , Conde 1990 ). In addition, no mussels were seen along the intertidal coastal level between Almeria and northern Altea (Alicante) during 3 scientific trips to collect mussel samples , perhaps because the physical (substrate, oceanographic factors) or biological (phytoplankton concentration) conditions of the area are unsuitable for growing mussels. This lack of the appropiate conditions could cause an interruption or reduction of abundance of the mussels. These facts suggest and make plausible a discrete subpopulation model, i.e. European M. galloprovincialis seems subdivided at least into 2 relatively separate genetic pools. An ancient isolation of Mediterranean from Atlantic M. galloprovincialis populations with genetic divergence, followed by secondary contact with a restricted gene flow could explain this stepped cline pattern of allozyme variation (Endler 1977) . A similar mechanism has been suggested to account genetic differentiation of Limuluspolyphernus (Selander et al. 1970 , Saunders et al. 1986 ) and other estuarine species in southeastern North America (see Avise 1992) , and in Platichtys flessus (Galleguillos & Ward 1982) and Ostrea edulis (Saavedra et al. 1993) between Mediterranean and lations of t h e M e d i t e r r a n e a n Basin d u r i n g geological periods, w h i c h h a v e b e e n associated with c h a n g e s i n t h e M e d i t e r r a n e a n organism composition (Rodriguez 1982 , M a l d o n a d o 1985, Peres 1985 , Raffi e t al. 1985 , S a r a 1985, Vermeij 1989) , c a n s u p p o r t this historical hypothesis.
